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Chapter 1. Introduction 
1.1 Introduction 
 
雑誌に投稿する予定のため第 1 章の 1.1 節は公表できません。 
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1.2 Literature review 
1.2.1 Formation of inclusions by Al-Ti complex deoxidation in the liquid steel 
Titanium bearing steels have been widely used for various products such as automobile sheets, or 
heavy plates for ship construction, since titanium has a great advantage not only in its cost 
effectiveness but also in improvements of steel properties, e.g. formability, non-ageing property, 
prevention of austenite grain growth, and promotion of finer ferrite microstructure formation. 
The added Ti forms the several types of non-metallic inclusions in the steels such as oxide, nitride, 
sulfide, carbide and so on. Furthermore, titanium forms the several types of oxide phase in the liquid 
melt such as Ti3O5, Ti2O3 and TiO, depending on the steel compositions as shown in Fig. 1-1.
1) 
 
 
Figure 1-1. Equilibrium relation between [%Ti] and [%O] in liquid Fe at 1823, 1873 and 1923 K.
1)
 
 
In the producing process of Ti bearing steels, generally Al is added before Ti addition to prevent 
the loss of Ti which has strong reactivity with oxygen. Therefore, Al-Ti complex deoxidation is one 
of general process for the producing of Ti bearing steels. 
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1.2.1.1 Equilibrium oxides 
Various equilibrium oxides are formed by Al-Ti complex deoxidation. Many investigators have 
studied the equilibrium oxide phase diagram in the liquid melt. Ruby-Meyer et al.
2)
 have estimated 
the equilibrium phase diagram for the system Fe-Al-Ti-O at 1793 K by employing the CEQCSI 
multiphase equilibrium software based on the IRSID slag model. The calculated stable phase 
diagram indicates the formation of Al2O3, Ti2O3, Al2O3-TiO2 and TiOx-Al2O3 liquid oxide. On the 
contrary, Jung et al.
3)
 have employed FACT databases and FactSage software, and calculated the 
phase diagram of oxides for the Fe-Al-Ti-O system at 1873 K. They reported the existence of Ti3O5 
solid phase which did not exist in the diagram reported by Ruby-Meyer et al.
2)
. Kim et al.
4)
 have also 
reported the phase stability diagram of oxides equilibrating with Fe-Al-Ti-O melt at 1873 K. The 
stable regions for Al2O3, Ti2O3 and Ti3O5 were shown, while those for other oxides and liquid oxides 
were not observed. All the previously mentioned equilibrium phase diagrams for the Fe-Al-Ti-O 
system are shown in Fig. 1-2. Although there are some differences between diagrams, especially in 
low concentrations of Al and Ti, since these diagrams are calculated by using different 
thermodynamic data, various kinds of equilibrium oxides form depending on the metal composition. 
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Figure 1-2. Equilibrium diagram for the system Fe-Ti-Al-O  
at (a) 1793 K
2)
, (b) 1873 K
3)
 and (c) 1873 K
4)
. 
(a) 
(b) 
(c) 
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1.2.1.2 Transient inclusions 
Size, morphology and chemistry of non-metallic inclusion in the liquid melt are affected by 
various parameters such as Ti/Al ratio, deoxidation time in a liquid state, addition sequence of 
deoxidants and reaction with slag. 
Wang et al.
 5), 6), 7)
 have reported the sequential transition of inclusion characteristics with 
deoxidation time at various Ti/Al ratios by using sampling method. After Ti addition in the Al killed 
Fe-Al-O alloy, Al2TiO5, TiO and even Ti2O could be instantaneously produced depending on Ti/Al 
ratio as shown in Fig. 1-3. However, Fig. 1-3 is just expectation path and not calculation results. 
In addition, morphological change of inclusions during Al-Ti complex deoxidation could be also 
affected by the Ti/Al ratio as shown in Table 1-1. 
 
 
 
 
 
 
 
 
Figure 1-3. Schematic illustration of possible formation paths with respect to soluble oxygen and 
titanium contents.
7)
 
Table 1-1. Connection of transient stage products with morphological change.
7)
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Matsuura et al.
 8)
 have investigated the evolution of oxide inclusions with several Al and Ti 
deoxidation patterns and various metal compositions by sampling technique at 1873 K. They 
reported that chemical compositions of transient inclusions were different with the Al and Ti 
deoxidation patterns such as simultaneously or separately, due to the dissimilar reaction paths as 
shown in Fig. 1-4. Also, evolution steps of size and morphology of inclusions were not similar in 
various Ti/Al ratios. However, finally inclusions in almost all cases approached the equilibrium state 
oxide which is Al2O3 as shown in Fig. 1-4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 1-4. Chemical composition of inclusions for (a) 1 min, (b) 2 min, (c) 3 min (d) 4 min after 
separately additions and (e) 1 min, (f) 2 min, (g) 3 min, (h) 4 min after simultaneously additions.
8)
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Sun et al.
 9)
 have also investigated the morphology and chemistry change of oxide inclusions with 
several Al and Ti deoxidation patterns and various Ti/Al ratios at 1873 K. Figure 1-5 shows the 
proposed evolution mechanism of hollow oxide inclusions in the case of the Ti-Al deoxidation which 
is the Al addition after Ti addition. This type inclusion also evolved to reach the equilibrium state 
oxide (Al2O3) with time. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-5. Proposed mechanism for the formation of hollow oxide inclusions after Ti/Al 
deoxidation.
9)
 
 
Park et al.
 10)
 have reported the reoxidation of liquid steel containing Al and Ti by slag. Two-layer 
complex oxides which are Al-Ti-O phase with an Al2O3 core inside were formed by the oxygen 
provided from slag during reoxidation as shown in Fig. 1-6. They explained the formation of 
complex oxide inclusions as follows; Al2O3 forms first due to the disparity in the extent of 
supersaturation of Al and Ti and then Al2O3 grows until driving forces for Al and Ti deoxidation 
become the same by decreasing Al content in the vicinity of oxide. And then, Al-Ti-O phase forms 
on the Al2O3. 
9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-6. SEM images of typical complex oxide inclusions observed in the bulk metal.
10)
 
 
Doo et al.
 11)
 have investigated the morphology change of complex oxide inclusion by Al-Ti 
complex deoxidation in the RH process. Figure 1-7 shows the detected complex oxide. They 
suggested that the formation of Al-Ti-O complex oxides occurs because of the locally high titanium 
content in the vicinity of the added Ti sponge before dissolving in the melt. However, Sun et al.
9)
 
pointed out that the complex oxide would be formed by oxygen dissolved from RH top slag by 
reoxidation, since samples were collected from the liquid steel close to top slag. 
10 
 
 
 
 
 
 
 
 
 
 
Figure 1-7. Quantitative composition analysis: (a) Alumina region and (b) Ti-Al complex oxide 
region.
11)
 
 
Van Ende et al.
12)
 have investigated the evolution of oxide inclusions by various Al-Ti deoxdation 
patterns at around 1873 to 1923 K. They expounded the evolution path of oxide inclusion by using 
the phase diagram of oxides for the Fe-Al-Ti-O system at 1893 K as shown in Fig. 1-8. As shown in 
Fig. 1-8, after Ti addition, metal composition entered the Al2O3∙TiO2 stable region (point D), hence 
Al-Ti-O complex oxides besides large Al2O3 cluster oxides observed in the samples. And then, metal 
composition moved to Al2O3 stable region (point E) by second Al addition. After 3 min, Al2O3 just 
observed due to the reduction of Ti oxide by Al. 
From the previous all researches, various types of morphologies, sizes and chemistries of the 
transient oxide inclusions can be obtained by controlling several conditions of Al-Ti complex 
deoxidation. 
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Figure 1-8. Evolution of [Ti] and [Al] plotted on the computed equilibrium diagram of the 
Fe-Al-Ti-O system at 1620℃. a[O] is given next to each point.
12)
 
 
1.2.2 Formation of inclusions in the solid state steel 
Not only various oxide inclusions during deoxidation but also non-metallic inclusions (nitride, 
sulfide, oxide and carbide and so on) during solidification and heat-treatment can be formed. By 
decreasing temperature, solubility of each element in the steel decreased and then variety of 
inclusions can be precipitated. Especially, formation of titanium nitride has substantially reported for 
Ti bearing steels. 
The solubility product of TIN in the liquid, δ, γ and α phases of iron can be described and 
expressed as shown in Fig. 1-9 and Eqs. (1-1), (1-2) and (1-3).
13)
 It had measured by using a 
diffusion couple technique. 
log[mass%Ti] [mass%N]𝛼(𝛿) = 4.65 −
16310
𝑇
 
13)
                 (1-1) 
log[mass%Ti] [mass%N]𝛾 = 4.35 −
14890
𝑇
 
13)
                   (1-2) 
log⁡[mass%Ti][mass%N]𝑙𝑖𝑞 = 4.46 −
13500
𝑇
 
13)
                  (1-3) 
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Figure 1-9. Solubility products of TiN.
13)
 
 
As shown in Fig. 1-9, solubility product of Ti and N in the liquid and solid state iron was 
decreased with decreasing temperature. According to these results, TiN can be precipitated by 
decreasing temperature in all states of iron. 
In Al-Ti complex deoxidation, TiN phase on the Al-Ti-O oxide have been observed.
8)
 As explains 
by them, the observed TiN phase was precipitated on the oxide inclusion during solidification and 
cooling. It can be elucidated as follows. Ti content in each sample is high enough to make the high 
value of solubility product of Ti and N, even though alloys have a low content of nitrogen from 9 to 
14 ppm. 
Not only titanium nitride but also other types of inclusions can be formed during solidification 
with metal compositions. Park et al. have performed the evolution of oxide and nitride in the ferritic 
stainless steel during solidification by using thermochemical computation program as shown in Fig. 
1-10.
14)
 As shown in Fig. 1-10 (a), titanium nitride started to form in the mushy zone during 
solidification. From 1 673 K, solid spinel oxide (MgAl2O3) can be formed. Further, the mass fraction 
13 
 
of constituents in the liquid MgO-Al2O3-TiOx oxide, existed until 1 523 K, were changed as shown 
in Fig. 1-10 (b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-10. Mass fractions of metal, oxide and nitride phases with regard to temperature.
14)
 
 
Park et al.
15)
 have also computed the evolution of inclusions in several chemical compositions of 
(Mn-Si-Ti)-deoxidized steels during solidification. Various types of inclusions such as TiN, MnS, 
Mg-Ti-Al-O spinel and ilmenite have an opportunity to precipitate at several temperatures with 
regard to Al contents as shown in Fig. 1-11. MnS appears in first step of solidification. However, 
from around 1 623 K, TiN has been given a preference to formation in all of (Mn-Si-Ti)-deoxidized 
steels. 
(a) 
(b) 
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Figure 1-11. Evolution of inclusions during solidification with Al content of (a) 6 ppm, (b) 12 ppm,  
(c) 21 ppm, (d) 40 ppm, (e) 87 ppm and (f) 147 ppm.
15)
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1.2.3 Utilization of inclusions (Oxide metallurgy) 
 
雑誌に投稿する予定のため第 1 章の 1.2.3 節と 1.3 節は公表できません。 
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Chapter 2. Formation of inclusions in Fe-Al-Ti-O-N 
alloy at deoxidation process 
2.1 Introduction 
 
雑誌に投稿する予定のため第 2 章の 2.1 節から 2.3.2.2 節までは公表できません。 
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2.3.2.3 Comparison of 2-demension and 3-demension analyses 
In order to identify advantage for using 3-demension analysis, 3D analysis was carried out just 
outer layer of sample A. Average size of inclusions in the “Area 2” by using 3D analysis shown in 
Table 2-9. The average size of Al2O3-TiOx inclusions was almost same with that by using 2D 
analysis. However, in the case of multi-phase inclusions, big difference was observed between two 
kinds of analysis. 
 
Table 2-9. Average size of the observed inclusions in the “Area 2” of sample A by using 3D analysis 
method. 
Inclusion type 
Sample name 
A 
Multi-phase inclusions 18.2 
Small Al2O3-TiOx 0.8 
 
In addition, the average size of inclusions in the “Area 1” by 3D analysis was 4.7 μm. The 
obtained average size of all inclusions in the “Area 1” by 2D analysis was 6.4 μm as shown in Table 
2-7 in Sec. 2.3.2.2. In fact, although the size of inclusion which detected by using 3D analysis would 
be original size of inclusions because the surrounding Fe matrix was excluded by etching, the 
measured size of inclusions in “Area 1”, which observed in all samples, by using 2D and 3D analysis 
methods was almost similar in present study. 
Figure 2-20 shows the comparison of results of composition analysis of Al2O3-TiOx inclusions by 
using 2D and 3D analysis methods. As shown in Fig. 2-20, there was no difference between two 
results. Figure 2-21 shows the result of mapping analysis by using 3D analysis method. As shown in 
Fig. 2-21, there was no detectable area in which phase of inclusion could not be determined by using 
EDS. Consequently, 3D analysis method was same or worse for analysis of chemical composition of 
(μm) 
61 
 
inclusions. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-20. Chemical composition of Al2O3-TiOx inclusions by using 2D and 3D analysis methods. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-21. EDS mapping image of multi-phase inclusion in the “Area 2” of sample A. 
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2.3.3. Inner layer 
2.3.3.1 Type and composition of inclusions in inner layer 
 
雑誌に投稿する予定のため第 2 章の 2.3.3 節から 2.3.3.3 節までは公表できません。 
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2.3.4 Effect of nitrogen on the formation of inclusions 
In the samples C, D, E and F, effects of nitrogen content in the melt on the inclusion 
characteristics were observed. 
In the outer layer, as mentioned in Figs. 2-13 and 2-14 in Sec. 2.3.2.1., in the samples C and E 
with relatively small nitrogen contents, some (Al2O3+TiOx)-based inclusions were observed. On the 
other hand, in the case of samples D and F, (Al2O3+TiOx)-based inclusions were not detected. These 
different tendencies would be due to the strong interaction between solute Ti and N in the alloy and 
decreased Ti activity. 
In the inner layer, as shown in Fig. 2-22 in Sec. 2.3.3.1., the fraction of the number of TiN 
single-phase particles in samples C and E containing 0.0005 and 0.0013 mass%N was 42 and 76 % 
of observed inclusions, respectively. On the contrary, in the case of samples D and F, the fraction of 
the number of TiN inclusions was more than 87 % of total inclusions. The increase in N content of 
the alloy resulted in the increase of the number of independently precipitated TiN single phase 
70 
 
particles. 
As shown in Table 2-11 in the Sec. 2.3.3.3, fraction of the number of irregular type of TiN and/or 
TiS inclusions in the samples D and F was much larger than that in the samples C and E with the 
same content of Al. The observed irregular type of TiN and/or TiS inclusions in the samples C, D, E 
and F were composed of only two TiN phases but not TiS. From this result, it can be considered that 
TiN particles were more easily formed at high nitrogen content during solidification. 
Figures 2-28 and 2-29 show the size distribution of TiN single phase particles in the inner layer 
at similar metal composition with different nitrogen content. The size of TiN single phase particles in 
sample D (0.0058 mass%N) is much larger than that in sample C (0.0005 mass%N). In the case of 
samples E and F, the same phenomenon was observed. This tendency indicates that the formation of 
larger TiN inclusions easily happened in the sample with larger nitrogen content than smaller 
nitrogen content during quenching. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-28. Size distribution of the observed TiN inclusions in inner layer of samples C and D. 
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Figure 2-29. Size distribution of the observed TiN inclusions in inner layer of samples E and F. 
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2.4 Summary 
 
雑誌に投稿する予定のため第 2 章の 2.4 節は公表できません。 
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Chapter 3. Change behavior of inclusions in 
Fe-Al-Ti-O-N alloy at 1473 K 
3.1 Experimental procedure 
 
雑誌に投稿する予定のため第 3 章の 3.1 節から 3.2.3.3 節までは公表できません。 
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3.2.4 Change behavior of inclusions in outer layer of samples C, D, E and F by 
heating 
3.2.4.1 Type and compositional change of inclusions 
Figure 3-16 shows the change of ratio of inclusion types by heating in the outer layer of the 
samples C, D, E and F. In all heated samples, Al2O3 and Al2O3+TiN inclusions were mainly observed. 
In the sample C, some Al2O3+TiOx(+TiN) inclusions were observed. Some Al2O3+TiOx+TiN, 
Al2O3+TiS, TiS and TiN inclusions were also detected in the sample E. In the samples D and F, some 
TiN inclusions were observed. One of the most evident changes in all samples C, D, E and F by 
heating was that the fraction of the number of Al2O3 inclusions decreased, on the contrary, the 
fraction of the number of Al2O3+TiN inclusions increased by heating as shown in Fig 3-16. 
From these results, it can be considered that TiN phase usually precipitated on the nucleation sites 
such as pre-existing inclusions by heating since the fraction of the number of TiN single phase 
scarcely increased in spite of increasing of the fraction of the number of TiN based inclusions, 
especially in samples C and E. 
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Figure 3-16. Observed inclusion types in the outer layer of samples C, D, E and F before and after 
heating. 
 
The Al2O3+TiOx based inclusions as shown in Fig. 2-13 in Sec. 2.3.2.1 were observed in the 
heated samples C and E. The morphology of Al2O3+TiOx based inclusions did not change by heating, 
however the change of chemical composition of Al2O3+TiOx based inclusions observed. Figure 3-17 
shows chemical composition change of Al2O3+TiOx based inclusions in the sample C. 
As shown in Fig. 3-17, change of chemical composition in Al rich part by heating was not 
detected. On the other hand, Al content in Ti rich part increased from 61 to 80 mol% by heating. 
The change of average compositions of Al and Ti in each part of Al2O3+TiOx based inclusions in 
sample E were shown in Table 3-6. By heating, the average compositions of Ti in the Al and Ti rich 
parts increased by 5 and 10 mol%, respectively. 
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Figure 3-17. Change of chemical composition of the observed (Al2O3+TiOx) based inclusions by 
heating on the Al-Ti-Fe ternary system in sample C. 
 
Table 3-6. Change of average chemical composition of the observed (Al2O3+TiOx) based inclusions 
as the Al-Ti binary system in samples E. 
  Al content Ti content 
Before heating 
Al rich 88 12 
Ti rich 60 40 
After heating 
Al rich 83 17 
Ti rich 50 50 
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These changing tendencies of composition in two phases, i.e. Al and Ti rich parts, could be very 
strong evidence to clarify stable oxide at metal composition of samples C and E. It can be considered 
that Al2O3 was stable oxide in sample C, on the other hand, TiOx was stable in sample E. 
Furthermore, since metal compositions of samples D and F were very similar with those of samples 
C and E as shown in Fig. 2-4 in Sec. 2.3, stable oxide in samples D and F is expected to be Al2O3 
and TiOx, respectively. 
 
雑誌に投稿する予定のため第 3 章の 3.2.4.2 節から 3.2.5.3 節までは公表できません。 
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3.2.6 Effect of nitrogen on formation and evolution of inclusions 
In the present study, samples C, D, E and F can be distinguished in to two groups with nitrogen 
content. The samples C and E, which contained 5 and 13 ppm of nitrogen respectively, were 
regarded as low nitrogen content. On the other hand, nitrogen content in the samples D and F was 58 
and 55 ppm, respectively. These samples can be considered as high nitrogen content. 
In addition, samples C and D composed of very similar soluble Al and Ti contents and samples E 
and F also consisted of similar range of soluble Al and Ti contents as shown in Fig. 2-4 in Sec. 2.3. 
Therefore, through comparison samples between low and high nitrogen contents, effect of nitrogen 
content on formation and evolution of inclusions at 1473 K can be investigated. 
 
3.2.6.1 TiS formation  
As explained in Sec. 3.2.5.1, TiS based inclusions were more easily observed in the inner layer of 
samples C and E. Also, fraction of the number of TiS based inclusions increased in the inner layer of 
sample F. 
Comparing between samples D and F, TiS formation in the inner layer of the sample F could be 
explained as follows. The significant difference between the inner layer of the sample D and that of 
the sample F is the existence of Al2O3 inclusions and metal compositions. Influence of the existence 
of Al2O3 inclusions was insignificant due to the number density of Al2O3 inclusion in the inner layer 
is very low in both samples. Therefore, the reason of TiS formation in the sample F would be the 
metal composition. 
Assuming the interaction parameters are inversely proportional to temperature and using those 
reported at 1873 K as shown in Table 2-6 in Sec. 2.3.2.1, interaction parameters at 1473 K can be 
estimated as shown in Table 3-7. By using interaction parameters at 1473 K, the activities of Ti, S 
and N in the samples C, D, E and F were calculated and were shown in Table 3-8. 
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Table 3-7. Estimated interaction parameters at 1473 K.
 
𝒆𝒊
𝒋
⁡(𝑖 ↓) Ti N S Al O 
Ti 0.033  -2.06  0.053  -2.59  -0.34  
N 0.013  -0.15  -0.640  0 0.009  
S 0.052  -0.34  -0.23  0.01  -0.058  
 
Table 3-8. Calculated activities of Ti, S and N at 1473 K. 
Sample name hTi hS hN 
C 0.0896 0.001626 0.0004388 
D 0.0908 0.001147 0.005062 
E 0.109 0.001886 0.001107 
F 0.120 0.001592 0.004587 
 
The activity of sulfur in the samples D and F was calculated to be 0.001147 and 0.001592, 
respectively. In addition, the activity of titanium in the samples D and F was 0.0908 and 0.120, 
respectively. Therefore, it is expected that TiS formation in the sample F is much favorable than that 
in the sample D. 
However, only limited evolution of TiS based inclusions was observed in samples with larger 
nitrogen content with similar Al and Ti compositions. In the case of samples D and F, most of 
observed inclusions were still TiN based inclusions. This difference is caused by the preferential 
evolution and growth of TiN than TiS at larger N content. 
The nitrogen and sulfur contents equilibrated with solute Ti in each sample were calculated by 
Eqs. (3-5) and (3-6) for solubility products of TiN and TiS.
1, 2)
 By using these thermodynamic data 
and analyzed compositions, the supersaturation ratios of TiN and TiS, SRTiN and SRTiS, defined as 
Eqs. (3-7) and (3-8), respectively, were calculated. 
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TiN(s) = Ti(mass%)in⁡γ + N(mass%)in⁡γ 
log[mass%Ti]eq.⁡⁡in⁡γ[mass%N]eq.⁡⁡in⁡γ = −
13,860
𝑇
+ 3.75⁡ 1)       (3-5) 
 
TiS(s) = Ti(mass%)in⁡γ + S(mass%)in⁡γ 
log[mass%Ti]eq.⁡⁡in⁡γ[mass%S]eq.⁡⁡in⁡γ = −
13,975
𝑇
+ 5.43⁡ 2)       (3-6) 
 
𝑆𝑅TiN =
[mass%Ti][mass%N]
[mass%Ti]eq.⁡⁡in⁡γ[mass%N]eq.⁡⁡in⁡γ
                  (3-7) 
𝑆𝑅TiS =
[mass%Ti][mass%S]
[mass%Ti]eq.⁡⁡in⁡γ[mass%S]eq.⁡⁡in⁡γ
                  (3-8) 
 
where [mass%Ti]eq. in γ, [mass%N]eq. in γ and [mass%S]eq. in γ are Ti, N and S contents equilibrated 
with solid TiN or TiS in γ iron. 
The supersaturation ratios of TiN in samples C, D, E and F were 20, 246, 65 and 309, respectively. 
On the other hand, the supersaturation ratio of TiS in each sample was in the range from 1.2 to 2.5. 
Although the supersaturation ratios required for TiN and TiS precipitation at 1473 K have not been 
reported so far, TiN precipitation in samples D and F would be preferable than TiS precipitation 
during heating. Therefore, TiN based inclusions were still mainly observed after heating in samples 
D and F. 
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3.2.6.2 Size change of TiN phase 
Figure 3-30 shows the difference between the average size of Al2O3+TiN inclusions and that of 
Al2O3 core in Al2O3+TiN inclusions, which is lTiN in Eq. (3-9). 
 
lTiN = (size of Al2O3+TiN inclusion) − (size of Al2O3 core of Al2O3+TiN inclusion)   (3-9) 
 
The change of TiN phase size in the Al2O3+TiN inclusion by heating can be determined. The 
tendency of size distribution of Al2O3 phase (Al2O3 single phase and Al2O3 phase in Al2O3+TiN) did 
not change in all samples except the sample E. At the smaller nitrogen content such as samples C 
and E, the difference between two sizes slightly increased or decreased by heating. On the contrary, 
in metals with larger nitrogen content such as samples D and F, the difference certainly increased by 
heating. Since the fraction of the number of Al2O3+TiN inclusion increased in all samples as 
previously mentioned in Sec. 3.2.4.1, TiN phase newly formed on the Al2O3 inclusion during heating. 
In addition, TiN phase of Al2O3+TiN inclusions formed during quenching also grew by heating. 
The average size of TiN inclusions in inner layer of samples C, D, E and F before and after 
heating was shown in Figures 3-24 and 3-25 in Sec. 3.2.5.2. Maximum size of TiN inclusions in 
samples D and F with larger nitrogen content was much larger than that in samples with smaller 
nitrogen content. From this result, it is considered that the growth of TiN inclusions occurred more 
easily in metal with larger nitrogen content than smaller nitrogen content during heating. 
In the case of sample E, average size of TiN inclusions decreased by heating due to the decrease 
of the observed number of TiN single phase inclusions. The fraction of the number of TiN+TiS 
inclusions substantially increased from 0 to 33 % during heating by TiS formation on the surface of 
TiN inclusions. 
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Figure 3-30. Average of lTiN in all samples before and after heating. 
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3.3 Summary 
 
雑誌に投稿する予定のため第 3 章の 3.3 節は公表できません。 
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Chapter 4. Influence of inclusions in Fe-Al-Ti-O-N 
alloy on the microstructure by heating at 1473 K 
4.1 Introduction 
 
雑誌に投稿する予定のため第 4 章と第 5 章と第 6 章は公表できません。 
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